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ABSTRACT 


Ad  extreme  test  of  the  "hoc-spot”  model  of  explosive  initiation  as  ap¬ 
plied  to  microscale  irradiation  events  should  occur  when  the  explosives 
are  irradiated  at  elevated  temperatures.  To  so  test  this  node),  fission- 
fragment  irradiation'-  of  four  explosives  selected  for  their  high  reaction 
rates  (RDX,  HMX,  PETN,  and  nitroglycerin)  were  performed  at  125°  to  215  C. 
No  explosions  or  signs  of  thermal  decomposition  were  observed  with  any 
of  the  explosives.  Since  a  detailed  analysis  of  the  resulting  cylindrical 
zones  of  radiation  heating  and  their  subsequent  behavior  with  time  predicts 
initiation  for  these  particular  explosives,  it  appears  that  the  "hot-spot" 
model  is  inadequate  in  describing  microscale  irradiation  phenomena. 


umiopMCTtow 


Considerable  research  has  beea  done  ia  recent  years  (Ref  1)  to  deter* 

■aae  the  haste  conditions  accessary  far  the  initiation  of  aa  erosive.  Most 
of  the  amt  eat  east  re  stadies  have  beea  made  oa  the  macroscopic  behavior 
of  explosives  aad  have  beea  interpreted  satisfactorily  ia  tenas  of  the  clas¬ 
sical  "hot- spot"  sa>dei  (Refs  2 •$).  Several  explosives  have  also  been  sub¬ 
jected  to  irradiation,  bat  not  aatil  recently  has  a  detailed  analysis  of  this 
process  beea  attempted. 

Ceray  aad  KaafaMa  (Ref  7)  irradiated  several  explosives  with  pioas  to 
prodace  spherical  hot  spots  less  than  10~*  cat  ia  diameter,  la  this  work  it 
was  noted  that  no  initiations  had  occurred.  However,  it  was  shown  that  the 
high  energy- deaaity  prodaced  by  pioa  c  apt  are  (when  assaiaed  to  quickly  de¬ 
grade  to  thermal  energy)  (Refs  8  aad  9)  shoetd  caase  a  temper  at  are  increase 
sufficient  to  initiate  several  of  the  irradiated  explosives. 

A  comparative  aaatysis  of  typical  pioa-captare  aad  aaciear-fission  events 
shows  that,  ia  the  latter  process,  a  higher  energy-density  occurs  and  hence 
the  teraperatare  increase  ia  greater.  As  is  discasaed  ia  detail  elsewhere 
(Ref  7),  the  energy  deposited  by  the  Anger  electrons  and  alpha  particles 
which  arise  from  s  "typical”  pioa  capture  event  produces  a  spherical  hot 
spot.  The  i  at  ease  ionisation  aad  excitation  along  a  fisaioe-fragawnt  track, 
however,  produce  a  high  energy-density  region  of  cylindrical  geometry. 

Irradiations  of  a  few  explosives  have  been  perfonaed  with  fission-frag- 
swats  (Refs  10  and  11)  but  no  initiations  have  been  observed.  (The  explo¬ 
sions  of  nitrogen  iodide  are  apparently  due  to  a  surface  effect  rather  than  a 
thermal  spike  (Refs  12-14).)  However,  the  calculations  of  Ceray  and  Kauf¬ 
man  (Ref  7)  indicated  that  some  of  the  more  sensitive  secondary  explosives 
had  not  been  investigated  and  that,  surprisingly,  the  frequently  investigated 
lead  azide  was  not  expected  to  initiate  on  this  model. 

The  purpose  of  the  present  work  was  to  determine  the  behavior  of  several 
of  these  more  sensitive  high  explosives  when  irradiated  with  fission-frag¬ 
ments  at  a  controlled  elevated  temperature.  Table  1  (p  11)  shows  the  tem¬ 
perature  required  to  produce  various  degrees  of  decomposition  in  10'"  sec¬ 
onds  (the  characteristic  time  for  heat  dissipation)  for  all  the  explosives  in¬ 
vestigated.  It  is  apparent  that  the  strength  of  the  thermal  spike  arising  from 
the  irradiation  need  not  be  great  to  produce  appreciable  heat  from  chemical 
decomposition.  Then,  by  having  the  explosives  at  some  elevated  temperature, 
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say  150°C,  the  likelihood  of  an  irradiation-inducedihitiation-according  to 
the  "hot-spot”  model— should  be  significantly  increased.  Table  1  also 
shows  the  temperatures  used  in  the  experiment;  Four  high  purity  (>99%) 
secondary  explosives  were  investigated:  pentaerythritol  tetranitrate  (PETN), 
'hexahydro-l,3,5-trinitro-s-triazine  (RDX),  octahydro- 1,3,5, 7-tetranitro-s- 
tetrazine  (HMX),  and  glyceryl  trinitrate  (nitroglycerin). 

EXPERIMENTAL  PROCEDURE 

A  variable-temperature  explosive  container  was  used  to  heat  the  explo¬ 
sive  samples.  A  small  quantity  (0.30  ml)  of  an  acidic  solution  containing 
Cf-252  (3%  spontaneous  fission)  was  added  to  300  mg  of  each  explosive.  In 
the  case  of  the  three1  solid  explosives  the  mixture  for  each  pellet  was  then 
dried,  mixed,  and  pressed  onto  a  10-mil  thermocouple  in  right-cylindrical 
pellets  approximately  one- quarter  inch  in  diameter  and  one-quarter  inch 
high.  Each  pellet  was  inserted  in  the  container  and  heated  on  all  surfaces 
except  the  top  from  room  temperature  to  approximately  35°C  below  the  melt¬ 
ing  point  of  the  explosive.  The  pellet  was  kept  at  this  temperature  for  thirty 
minutes  and  then  heated  to  ignition.  The  time  to  ignition,  which  ranged 
from  4  to  10  minutes,. and  the  temperatures  of  the  pellet  and  the  container 
were  recorded.  Five.pellets  of  each  explosive  were  studied  in  this  way. 

The  behavior  of  the  explosive  pellets  containing  Cf-252  was  compared  to 
that  of  pellets  of  the  same  explosive  prepared  in  an  identical  manner  but 
without  Californium. 

The  amount  of  Cf-252  in  the  pellets  was  determined  by  measuring  the 
alpha-activity  of  small  samples  of  the  solution  in  a  liquid  scintillation 
counter.  The  ratio  of  spontaneous  fission  to  alpha-decay  being  known,  it 
was  possible  to  ascertain  that  at. least  three  fissions  per  minute  occurred 
in  the  explosive  samples.  Table  2  (p  11)  shows. the  parameters  of  typical 
light  and  heavy  fissiomfrngir.ents  for  Cf-252  (Ref  15). 


The  liquid  nitroglycerin  samples  were  easier  to  irradiate  since  it  was 
only  necessary  to  add  the  solution  containing  the  Cf-252.  The  mixture  was 
then  placed  into  the  container  in  a  small  beaker, and  the,  thermocouple  im¬ 
mersed. 

A  Second  method  of  irradiation  also  employed  was  using  Cf-252  plated  on 
small  platinum  foils.  In  this  case,  a  foil  was  placed  in  direct  contact  with 
the  top  of  the  pellet  (immersed  in  the  case  of  nittoglyCCrin)  and  the  pellet 


was  heated  as  before.  Procedures  similar  to  those  used  in  the  first  method 
to  control  heating  to  ignition  and  to  measure  the  activity  were  followed. 

The  amount  of  radiatioq  to  which  each  pellet  was  exposed  was  determined 
to  be  33  fragments  per  minute,  which  was  appreciably  greater  than  that  of 
the  first  method. 

RESULTS  AND  WSCUSMON 

!  . 

No  differenccs.between  the  response  of  the  irradiated  explosives  and  the 
standards  were  observed  even  though  the  former  weie>exposed  to  about  200 
to  2000  fission-fragments.  The  "hot”  pellets  showed  no  signs  of  accelerated 
decomposition  (compared  to  the  standards)  either  when  held  at  the  elevated 
temperature  or  when  heated  to  ignition.  Both  types  of  pellets  of  an  explo¬ 
sive  ignited  at  the  same  temperature*  in  the  same  general  manner,  and  in 
the  same  time--within  the  normal  range  of  deviation  for  such  measurements 
of  explosives. 

.  i 

Although  the  fission-fragment  irradiation. did  not  initiate  these  explosives, 
a  detailed  quantitative  analysis  was  made  to  determine  the  predicted  be¬ 
havior  within  the  framework  of  the  "hot-spot”  model  (Refs  2-6).  this  model 
ihas  enjoyed  some  success  in  captaining  the  behavior  of  explosives  on  a 
macroscopic  scale,  but  has  not  often  (Ref  7)  been  used  in  detaii/in.an 
aneiysis  of  microscale  processes. 

Initial  "temperature”-radius  profiles  for  the  "hot- spots,”  which  in  reality 
ate  energy-radius  profiles,  were  obtained  by  calculating  the  energy  de¬ 
posited  in  successive  cylindrical  shells.coaxial  with  the: fission-fragment 
track.  Such  calculations  are  complicated,  .however,  hy  a  lack  of  precise  in; 
formation  on  the  relative  amounts  of  energy  that  a  stopping  fission-fragment 
loses  to  excitations  and  ionizations.  Magee  (Ref  16)  discusses  the  ionization 
and  excitation  resulting  from  the  passage  of  high-energy. charged  particles 
through  matter  and  postulates  that  two  pfoccsses-termed  "head-on”  and 
"glancing"  collisioris-make  equal  contributions  to  the  differential  energy 
loss  of  the  particle.  Employing  this  model  for  the  initial  prirt  of  its  track, 
we  assume  that  a  fission-fragment  would  lose  half  of  its  energy  in  producing 
delta  rays  (knock-on  electrons  of  energy,  say,  greater  than  200  ev)  and  the 
other  half  in  low-energy  ionizations  and  excitations.  This  latter  type  of 
energy  deposition  was  assumed  to  occur  within  10A  of  the  center  of  the 
track  (Ref  17).  Although  the  values  chosen  for  the  minimum  delta  ray  energy 
and  the  radial  distance  for  lesser  energy  drops  are  somewhat  arbitrary,  it 


4 


is  evident  (Refs  17  and~18)  that.200  ev  is  of  the  correct  order  of  magnitude 
for  such  a  figure  and  that  for  the  explosives. investigated  10A  is  approxi¬ 
mately  the. straight-line  distance  traveled  by  a  200-ev  electron; 

The  relative  number  of  delta  rays  of  a  given  energy  that  are  produced  by 
the  fission  fragment  can  be  found  using- the- relation  of  Mott  as  cited  by 
Brndt  and  Peters'(Ref  19)-  This  expression  was  normalized  (over  all  pos- 
sible.energies)  to  one-half  the  value  of,  a  (dE/dx)  which  was  calculated  from 
the  range-energy  curves  of  FulmePfRef  ?0).  This  particular  (dE/dx)  was 
chosen  at  the  point  along  the  track  where  the  fragment  had  lost  onc^half 
its  initial  energy. 

The  electron  range-energy  relation  used  to  find  the  energy  deposited 
away  from  the  track  was  that  of  Glocker  as  cited  by  Katz  and  Penfold  (Ref 
21).  To  account  for  the  fact  that  such  slow  electrons  do  not  move  out  iii  a 
straight  line  nor  in  a  plane  perpendicular  to  the  fragment  track,  one-half  of 
the  practical,  range  as  given  by  Glocker  was  used  as  an  average,  or  effective, 
range  (Refs  22-25). 

The  time  required  for  the  passage  of  a  fission-fragment  and  its  subse¬ 
quent  energy  deposition  is  of  interest,  For  a  section  of  the  track  where 
1-d-lOOA,  the. passage  of  the  fragment  through  this  region  and  the  stopping 
of  the  low;energy  delta  rays  should  ’occur  in  appreciably, less  than  10“'' 
seconds.  Hence  we  may  assume  that  the  initial  energy  d  stribution  arises 
in  10"1*  seconds. 

For  a  first-order  reaction,  the  subsequent  timc-behaWor  of  the  (cylindrical) 
hot  spot  is  governed  by  the  heat  diffusion  equation: 

~  -  k  V*  T  -  nZc"U/,lT  (i) 

<k  c 


where  T  is  the  absolute  temperature,  t  is  the  time,  k  is  the  thermal  diffu- 
sivity,  Q  is  the  heat  of  reaction,  c  is  the  specific  heat,  n  is  the  mass 
fraction  of  unconsumed  reactant,  Z  is  the  Arrhenius  pre-exponential  factor, 
E  is  the  activation  energy,  and  R  is  the  gas  constant.  Also  k  -  where 

k  is  the  thermal  conductivity  and  p  is  the  density.  These  constants  are 
listed  in  Table  3  (p  12)  for  the  explosives  i.vestigated. 


Solutions  to  Equation- 1  for  later,  times  were  obtajned  consistent  with  the 
initiaLtemperiuure'p.rqfile  and  subsequent  reactant  consumption.  The 
method  employed  was'an  extension  of  the  Schmidt  method,  modified  to  in¬ 
clude  the  heat  liberated  by  chemical  reaction  (Ref  37).  The  material  was 
divided  into  a  series  of  concentric  cylindrical,  shells,  the  temperature  of 
each  shell  being. uniform,  and^the  temperatures  of  the  various  shells  deter¬ 
mined  by  the  initial=tetaperature*radius  profiles  (Figs  1-3,  pp  13 *  IS).  The 
temperature  for.the  i  t.h;  shell,.  T;,.  at  time  t  +  At  was  then  obtained  from  the 
teniperatures.at  time  t  by  the  approximation: 

T;  (t  +  At) « (pr-  (i  -ft)  [Tiel  (t)  -  Ti (0]  -  T&T  f1  +  ft) 

x  [t.  (0  -  T.  +  ,  (t)]  +  ■£  (t)  z)  At  -KTi  (t)  (2) 

where  Ar  is  the  thickness  of  each  cylindrical  shell  and  rj  is  the  radius  to 
the  center  of  the  i,h  shell. 

We  Have  assumed  that,  since  molecular  vibration  frequenci'S  are  -10"/ 
sec,  it  is  possible  to  have  the  initial  energy  profile  transformed  into  a  tem¬ 
perature  profile  by  10'”  seconds.  Secondly,  wehave  assumed  that  this 
transition  from  an  energy-radius  to  a  temperature-radius  distribution  can  be 
estimated  by  using  Equation  1,  neglecting  chemical  reaction.  After  10“” 
seconds,  the  complete  solution  to  Equation  2  is  obtained.  The  temperature- 
radius  profiles  were  calculated  using  an  IBM  709  digital  computer.  Equation 
2  was  solved  for  a  series  of  time  intervals,  At,  being  chosen  in  such  a  way 
that  the  temperature  change  in  any  shell  during.the  time  interval  was  less 
than  5%;  the  shell  thickness,  Ar,.  was  taken  to  be  5A.  The  results  for  RDX, 
nitroglycerin,  and  PETN  are  shown  in  Figures  1,  2,  and  3,  respectively, 
with  initiation  predicted  in  all  cases.  The  behavior  of  1IMX  is  expected  to 
follow  very  closely  that  of  RDX. 

An  alternative  approach  was  used  to  check  the  sensitivity  of  the  results 
to  a  variation  s  the  initial  energy-radius  profile.  In  this  case,  energy  dep¬ 
osition  was  assumed  to  be  due  to  delta  rays  alone  so  that  the  temperatures 
for  the  first  three  shells  (1 5 A)’ were  essentially, identical  (-l.s  x  10*  "C  in 
RDX).  These  calculations  also  predicted  that  initiation  should  occur  in 
each  explosive  in  much  the  same  manner  as  in  the  initial  case.  Although 
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initiation  is  predicted  for  all  the  explosives  investigated,  such  is  not  the 
case  for  explosives  in  general,  as  was  shown  previously  (Ref  7). 

The  thermochemical  and  physical,  values  used  in  the  calculations  are 
listed  in  Table  3  Cp  12).  It  was  assumed  that  the  thermal  conductivity  and 
Specific  heat  were  temperaturedndependent,  and  further  that  the  specific 
heat  of  the  products  of  reaction  was  the  same  as  that  of  the  original  explo¬ 
sive.  :Macrpscopic  thermal  parameters  were  used  throughout  as  in  previous 
work,  since  no  evidence  against  their  suitability  had  been  found  (Ref  38). 

These  results  sfww  once  more  the  inadequacy  of  the  "hot-spot”  model 
in.descfibirig'the  effects  of  microscale  events  in  explosive  materials.  It 
should  be  noted  that  Bowden  and  Yoffe  (Ref  1)  have  postulated  that  a  crit¬ 
ical  size  of  10-»  to  10^*  cm  must  be  exceeded  before  the  model  is  appli¬ 
cable;  however,  it  is  hot  apparent  from  the  mathematical  model  itself  just 
'how  this  limitation  comes  about.  Two  theories  have  been  proposed  recently 
which  when  applied. to  our  experimental  conditions  appear  to  yield  results 
consistent  with  ours.  A  recent  estimate  has  been  made  by  Dodd  (Ref  39) 
using  a  statistical  approach  which  indicates  that  simultaneous  decompo¬ 
sition  of  oh  the  order  of  only  10  molcculcs  is  sufficient  for  initiation  to 
occur.  Secondly,  a  statistical  model  has  also  been  used  by  Ling  (Ref  40) 
to  describe  initiation  phenomena.  In  applying  this  model  to  the  case  of 
fission-fragment  irradiations, ;he  finds  that  for  temperatures  of  200-400oC 
in  the  volume  around  the  track  initiation  is  unlikely.  It  appears,  however, 
that  if  his  calculations  were  extended  to  include  the  higher  temperatures 
indicated  in  this  work  (say  1500°C  in  a  100A  radius  cylindrical  volume), 
this  model  would  also  predict  that  initiation  is  likely. 

On  the  other  hand,  some  of  the  assumptions  made  in  our  work  are  open 
to  question.  The  extrapolation  of  kinetic  data, to  the  conditions  of  this  ex¬ 
periment  is  unavoidable  but  possibly  erroneous.  Certainly,  the  processes  in¬ 
volved. in  the  conversion  of  energy  to  temperature  and  their  interrelation 
with  chemical  reaction  are  not  well  understood  when  considered  on  this 
time  scale  (Ref  41).  It  is  conceivable,  as  has  been  noted  in  shock-wave 
experiments  (Refs  42  and  43),  that  a  delay  may  exist  beiweemthe  time  at 
which  a  temperature  distribution  is  established, and  the  beginning  of  chem¬ 
ical  reaction.  It  should  also  be  noted  that  calculations  dealing  with  atomic 
displacements  in  copper  indicate  that  heat  dissipation  may  occur  more 
rapidly  in  microscale  events  than  would  be  expected  from  classical  heat 
conduction  (Ref  44).  If  theie  is  an  analogy,  such  ait  effect  in  explosives 
would  considerably  alter  our  calculations.  Lacking  more  precise  information 
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concerning  the  assumptions  made,  however,  it  appears  that  the  "hot-spot” 
model  may  require  considerable  revision  to  account  for  experimental  data 
oh  explosive  irradiations. 

Re  wish  to  thank  Dr.  Harold  J.  Matsuguma  for  his  assistance  in  the 
preparation  of  the  experiment; 
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TABLE  1 


TMfMttmi  hr.tratim  fciriliml 
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Temperature  of  the  Explosive 

explosive 

Incrtut 
(«/e).  °C 

Decomposition  of 
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Temperature, 
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PETN 
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Nitroglycerin 
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815 

920 

180 

•These  are  the  temperatures  at  which  each  of  the  explosives  must  be  kept  for  10*" 
seconds  in  order  to  produce  10%,  and  9951  chemical  decomposition;  Also  listrd  are  the 

temperature  increases  that  would  result  from  complete  decomposition  (Q/c),  and  the  tem¬ 
peratures  at  which  the  irradiations  were  performed. 
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